Abstract-Off-body data communication for firefighters and other rescue workers is an important area of development. The communication with a moving person in an indoor environment can be very unreliable due to channel fading. In addition, when considering off-body communication by means of textile antennas, propagation is affected by shadowing caused by the human body. By transmitting and receiving signals using multiple-input, multiple-output antennas (MIMO communication) a large improvement in reliability of the wireless link is obtained. In this contribution, the performance of wireless data communication using quadrature phase shift keyed (QPSK) modulated data in the 2.45 GHz ISM-band is evaluated in the case of firefighters walking indoor and communicating by means of a compact dual-pattern dual-polarization diversity textile patch antenna system integrated into their clothing. Simultaneous transmit diversity (at the firefighter) and receive diversity (at the base station) up to fourth order are achieved by means of orthogonal space-time codes, providing a maximum total diversity order of 16. The measurements confirm that MIMO techniques drastically improve the reliability of the wireless link. Measurements are compared for three test persons of significantly different sizes. For equal transmitted power levels, the bit error rates for the 2 2 and 4 4 links are much lower than for a system without diversity, with the 4 4 system clearly providing the best performance.
communicating by means of multiple textile patch antennas integrated in his/her clothing. Earlier measurement campaigns, involving a single transmit antenna at the base station and multiple receive antennas in the garment of the moving firefighter, were performed by our team in the same environment. These scenarios achieved second-order receiver diversity [1] and fourth-order receiver diversity at the firefighter using two dual-polarized antennas [2] . However, this paper discusses our first measurement campaign using true MIMO communication, combining transmit diversity at the firefighter (using space-time codes sent over textile antennas) and receive diversity at the base station. Bit error rates documenting the real-time behavior of an actual data transmission are presented.
Recent measurement campaigns related to body-centric wireless communication with multiple antennas have been documented in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] but to our knowledge, no measurements transmitting real blocks of data off-body, via a textile antenna system, over a 4 4 MIMO communications link have been published before.
The 2.45 GHz ISM frequency band was chosen for the transmissions, providing a sufficiently large bandwidth and allowing to design antennas of a convenient size, given the wavelength of 12 cm. The integration of textile antennas in the garment is not straightforward, as the equipment carried by the firefighter severely limits the number of suitable locations for an antenna.
The indoor environment consists of a fading channel where multipath effects and shadowing make the signal levels fluctuate significantly as a function of position. Channel measurements in the same environment revealed Rayleigh type small-scale fading. Using multiple antennas and combining the received signals by means of diversity techniques significantly improves the performance of the wireless link. The use of multiple antennas is also very effective against degradation of the communication due to the shadowing effect of the human body. Using two dual polarized textile antennas, on the front and back of the firefighter, fourth order diversity is realized using only two patch antennas. The base station uses the same type of antennas, placed one meter apart, and also achieves fourth-order diversity. The resulting 4 4 MIMO channel provides a maximum total diversity order of 16. The measurements in this paper pertain to the situation where the firefighter is transmitting data to the base station.
Sections II-III document the measurement setup and results. At the transmitter, a sequence of uncoded QPSK symbols enters a space-time encoder, whose outputs are applied to antenna ports. The received signals, captured by antenna ports, are properly combined according to the particular space-time code, making use of the estimated channel gains. In our experimental setup we consider (being the most realistic situation for a bidirectional wireless link), with , 2, 4. The resulting signal to noise ratios (SNRs) at the detector and the associated bit error rates (BERs) clearly demonstrate the advantages of MIMO communication.
In a real-life scenario, the effective diversity for the practical range of signal-to-noise ratios is degraded by the correlation between the signals and by unequal channel gain. The impact of antenna coupling on MIMO communication has been studied in [3] and specifically for dual-polarized antennas in [4] . Channel measurements with dual polarized transmissions are presented in [5] ; in our measurements the polarization of the off-body antennas varies, due to changes in body posture of the rescue worker in action. The correlation of signals received by dual polarized antennas in an indoor environment was studied in [17] . In [14] measurements of a body-worn antenna system are performed in open space and the effects of a multipath environment are indirectly assessed.
By means of the cumulative distribution function for the instantaneous SNR at the detector input we compare the 10% outage probability levels for the 1 1, 2 2 and 4 4 systems. The corresponding bit error characteristics resulting from the measurement are compared to the theoretical BER characteristics for independent identically distributed Rayleigh fading channels. The measured correlation between the signal levels for different antennas and polarizations indicates to which degree the channels vary independently.
In Section IV, the channel is modeled using the Kronecker and Eigenbeam channel models. Based on these models, the BER characteristics are accurately regenerated using a matrix of i.i.d. pseudo random values having the same statistical distribution as the measured signals. The differences in distribution have a significant impact on BER characteristics, as shown theoretically in [18] for Nakagami distributed signals.
Additional measurements with three test persons of significantly different sizes are presented in Section V, resulting in similar performance gains by using MIMO communication. Due to the nature of the measurements, with a real test person performing a random walk in an active office environment during working hours; each measurement session will always be different. Despite this variation, the use of diversity techniques always results in a significant performance gain.
II. MEASUREMENT DETAILS

A. Measurement Setup
We consider the uplink scenario, where the mobile firefighter transmits and the base station receives. The measurement setup is composed of two fixed dual-polarized patch antennas connected to the base station, resulting in a total of four received signals. The wearable antenna system under test consists of two similar dual-polarized textile antennas, resulting in four simultaneously transmitted signals. The proposed wearable antenna system is realized by integrating two textile antennas, as documented in Section II-B, into the front and back side of a firefighter jacket, worn by a test person, as shown in Fig. 1 . All antennas are then connected to a Signalion-HaLo 430 measurement testbed, operated by our Matlab software. The transmitted space-time encoded data blocks consist of QPSK symbols, modulated on an RF carrier frequency of 2.45 GHz at a baud rate of 1 Msymbols/s. The corresponding complex baseband signals are generated in Matlab and then up converted to RF by the testbed transmitter. The testbed receiver down converts to baseband the signals received by the textile antenna system and samples the resulting baseband signals. These samples are post-processed in Matlab, in order to perform carrier frequency offset estimation and correction, timing estimation and correction, channel estimation, space-time decoding, demapping and calculation of BERs and SNRs.
B. Wearable Textile Antennas
In this measurement, dual-polarized textile patch antennas are used [19] , enabling the implementation of 4th-order diversity in a compact dual-pattern dual-polarized system.
The dual-polarized wearable antenna, shown in Fig. 2 , is a patch antenna consisting entirely of textile materials, suitable for integration into protective clothing such as firefighter suits. The substrate material is a protective, water-repellent, fire-retardant foam, commonly used in firefighter garments, whereas the ground plane and patch are made out of FlecTron and ShieldIt, respectively, two breathable and highly conductive textile materials.
The layout of the dual-polarized patch antenna consists of a rectangular patch with a slot. The antenna possesses two feed points, each one corresponding to an antenna terminal or port, located on the patch diagonals. The topology and feeding structure ensure the excitation of two signals with different polarizations. The wearable antenna, at center frequency , was designed to transmit/receive two quasi-linearly polarized waves, which are almost orthogonal in space, with the two polarizations oriented at tilt angles of about . The radiation pattern of the antenna has been verified by measurement in the anechoic chamber [2] . The antenna radiates most of its power away from the body and approximately covers a half-space.
The transmitting patch antenna is located in the firefighter's jacket and aligned for polarizations of and when the user is in the vertical position. Applying two such dual-polarized antennas, one at the front and one at the back of the test person, adds front-to-back diversity, allowing a total of four signals to be transmitted. Front-to-back diversity is very important in body-centric communications since the human body shadows the RF signals significantly, causing the front and back antennas to virtually cover two complementary half-spaces [1] , [2] .
C. The Indoor Environment
A floor plan of the indoor environment where the measurements were performed is displayed in Fig. 3 . The path followed by the test person during the measurements is marked, as well as the position of the receiver.
The considered cases are listed here as a function of the labels shown on Fig. 4 in Section III-A. 1) Path : the test person walking towards the receiver from a distance of 15 m and ending at 3 m from the receiver.
2) Path
: walking away from the receiver, in the opposite direction of the first path. 3) Path : walking sideways, along a path perpendicular to the receiver, at up to 18 m of distance. In the first two cases, a line-of-sight path is present to a varying degree. In case 3, the receiving conditions are most unfavorable, since the transmitted signals experience many obstacles and the transmitter-receiver distance is large. The measurements in this article focus mainly on the sideways path in case 3, as previous measurements [1] , [2] have clearly confirmed the weak signals in this area and the Rayleigh-like fading due to multipath propagation. 
D. Operation of Transmitter and Receiver
In the MIMO link considered, the firefighter simultaneously transmits four signals in the same frequency range. The receiver synchronously captures these signals on its four antenna ports.
In a space-time coded MIMO system with receive and transmit antenna ports, the received signal corresponding to a codeword can be represented as (1) where , , , and are matrices of dimensions , , and , respectively; with equal to the number of time slots in the codeword. The quantity is the complex channel gain between the -th receive and -th transmit antenna port; is a space-time matrix with orthogonal rows, whose elements are linear functions of information symbols and their complex conjugates. signal captured by the -th receive antenna port during the -th time slot of duration .
In our measurement setup, we restrict our attention to , with , 2, 4.
• : All quantities in (1) are scalars, with reducing to a single QPSK information symbol.
• : We use the Alamouti code [20] , defined as which depends on two QPSK information symbols and .
• : we use a rate 3/4 complex orthogonal space-time code [21, p. 194 , Eq. (5.143)], defined as which depends on three QPSK information symbols , and . The corresponding total (sum over all transmit antennas) transmit power , total transmitted energy per information bit and information bitrate are given in Table I . Note that, for the considered configurations, we obtain . For a QPSK constellation, the total instantaneous received energy per information bit equals with denoting the Frobenius norm of . Similarly, the per antenna port received energy per information bit is . The corresponding average energies per information bit are By linearly combining the quantities , the receiver constructs decision variables on which symbol-by-symbol decision is performed to obtain the detected information symbols. The decision variable related to the information symbol can be decomposed as where the noise is a complex-valued Gaussian random variable with i.i.d. real and imaginary parts. For the above cases , 2, 4 the corresponding instantaneous SNR at the detector is given by (2) The resulting instantaneous BER for QPSK information symbols [22] is given by To compare the performance of different MIMO schemes in similar conditions, bursts are transmitted that contain a sequence of data blocks using the following structure.
• A transmission without diversity, using only one of the polarizations on the front antenna (1 TX signal); • The Alamouti space-time code for pattern diversity using one of the polarizations on both front and back antenna (2 TX signals, F/B: front-to-back diversity); • The Alamouti space-time code for polarization diversity on the front antenna (2 TX signals); • The rate 3/4 space-time code (4 TX signals). The signals, transmitted simultaneously on multiple antennas, are received on up to four antenna ports. An estimation of the complex-valued channel gains is performed for all 16 combinations of . These channel gain estimates are needed to compute the decision variables by properly combining the demodulated signals. The received bit stream is obtained by symbol-by-symbol detection on the decision variables, followed by demapping.
In order to perform the initial estimation of the 16 channels, pilot symbols are transmitted by the four antennas, without overlap in time. These pilots are also used to determine the different carrier frequency offsets for the signals received from different transmit antennas. Table II illustrates the structure of the transmitted signals. The signals consist of 300 BPSK pilot symbols and 396 QPSK information symbols per transmit antenna for each data block. In our experiment a large overhead is created by transmitting the pilot symbols, because for measurement purposes an accurate channel estimation is preferred. Further tracking of the time-varying channel (during the course of the data burst) is performed using decision oriented feedback.
III. MEASUREMENT RESULTS
The signal levels and bit error rates in Section III-A result from a total transmit power . The power was chosen very low, in order to generate an illustrative amount of bit errors during the measurement.
The results from Sections Sections III-B, III-D and III-E are derived from accurate channel measurements. To minimize the influence of the background noise, the total transmitted power was raised to 100 mW, during an additional set of measurements along the sideways path (case 3).
A. Signal Levels and Bit Error Rates
The recorded instantaneous SNRs for each of the 16 channels of the 4 4 transmission are displayed in Fig. 4 . The SNR related to the channel from the -th transmitting port to the -th receiving port is defined as , where denotes the variance of the pilot symbols.
Along the line-of-sight path of cases 1 and 2, the difference in signal levels for transmissions from the front and back antennas is clearly visible. When the firefighter is walking towards the receiver, the signals from the front antenna are significantly stronger than those from the back antenna.
The opposite is true when the firefighter is walking away from the receiver. This illustrates the complementarity of the antennas, with their radiation patterns pointing in opposite directions and their isolation by the shadowing of the body.
In the same graph the BER per burst is displayed for each type of diversity listed in the previous section (the BER plots are listed in the same order). This graph is included as an illustration of the actual wireless MIMO link in operation. The total transmitted power is constant for all diversity types; 100 for the 1 1 link, 50 per antenna for the 2 2 links and 25 per antenna for the 4 4 link. The following considerations are important for a correct interpretation of the graph.
• The signal levels plotted for each burst are calculated based on the average received power during the transmission of the pilot symbols. This is only an estimate of the received SNR, as the channels are not invariant during the transmission of the burst.
• The signal levels vary drastically during the measurement, due to the path walked by the firefighter. Although this is useful to demonstrate the shadowing effect of the body in the to/from cases, there is also a downside. As the bit errors result from a single implementation based on a limited number of bursts, the bit error rates in this particular graph only indicate the order of magnitude of the statistical BER to be expected with the type of diversity used.
• The performance of the detection at very low signal levels is compromised by inaccurate channel estimation, due to the small transmit power and the limited number of pilot symbols per burst.
• For all of the above reasons the graph fails to point out the better performance of 2nd order (at the transmitter) front-to-back over polarization diversity, as the BER values for both cases are in the same order of magnitude. A more accurate comparison with calculated BER characteristics is deferred to Section III-E. For the 1 1 configuration (no diversity), errors occur even along the line-of-sight path (cases 1 and 2), in spite of strong average signal levels. Along this path no errors occur when using 2 2 or 4 4 MIMO systems transmitting the same power.
Further, even in this short measurement series, the superiority of the 4 4 MIMO link over both 2 2 systems is illustrated by the lower BER values recorded along the sideways path (non line-of-sight; case 3).
B. Cumulative Distribution Functions
Based on the pilot symbols received along the sideways path by each receiving antenna, all 16 channels are estimated using a total transmit power of 100 mW. The different channel gain magnitudes are approximately Rayleigh distributed but with very different average powers (average taken over the sideways Table III . Normalization has been performed such that the largest channel gain corresponds to a level of 0 dB. The cumulative distribution of the instantaneous at the input of the detector is displayed in Fig. 5, for , 2, 4. The individual CDFs for the 16 possible 1 1 cases are displayed, with the median case shown in bold. Similarly, for 2 2 diversity, 36 combinations of 2 transmitting antenna ports with 2 receiving antenna ports are possible; all of them are displayed in the graph, with the median CDF as a bold line. The median case is selected based on the median 10% outage probability levels for each individual case.
The right-most thick line displays the CDF for 4 4 diversity. We observe that in our measurement the 4 4 diversity performs significantly better than any possible combination using 2 2 diversity and certainly better than the median realization for 2 2 diversity.
Based on Fig. 5 , the performance gain w.r.t. the 1 1 system is quantified by comparing the 10% outage probability power levels, [8] . These power levels define the 10th percentile in the CDF; the power will be higher than these values 90% of the time.
Comparing these values, the 4 4 and median 2 2 systems perform better than the median 1 1 system by 15.0 dB and 9.9 dB, respectively. Note that the results apply to transmissions using the same total transmit power level. Table IV lists the 10% outage probability levels expressed as in dB for the best (MAX), worst (MIN) and median diversity cases. The 4 4 system still performs 1.5 dB better than the best 2 2 case and 6.2 dB better than the best 1 1 case. Note that the "best" scenario refers to the specific path walked by the firefighter, for the specific orientations of receive and transmit antennas. In practice, it is impossible to rely on the best scenario, as the movements of the mobile user are not known a priori.
C. Estimated Nakagami Parameters for the CDF
The CDF's for all 16 SISO channels were fitted to the Nakagami distribution and the parameters producing the best fit are listed in Table V. The shape factor varies between 0.7 and 1.8, with an average of 1.06. The actual distribution of a set of measured signals at a specific antenna is the result of a large number of factors, including fading, shadowing (by the body as well as by the environment) and changes in orientation of the antennas. This is consistent with the results obtained in [6] , where it was found that a difference in antenna height above the floor level results in different shadowing conditions. Inaccuracies can also result from the limited set of measurements. With on average , the signals are considered to be approximately Rayleigh distributed.
Note that the highest -values occur for the signals related to receiving antenna 2 and/or transmit antenna 3. However, as seen in Table III , the average power levels associated with these antennas are also lower. Therefore the impact of the higher -values on the bit error characteristics presented in Section III-E will be limited.
The values are comparable to those listed in [23] for NLoS off-body communication in office environments at 868 MHz.
D. Spatial Correlation
Some correlation exists between the signals received from different channels. This correlation is partially caused by the propagation environment and partially by mutual coupling between both feeds of the dual polarized antennas. However, the correlation coefficient is low enough to still achieve a substantial diversity gain by combining the multiple signals [2] . The correlation between the four transmit channel gains is determined for each of the different receiving antenna ports ( ). For a given port the correlation for transmit antenna ports is defined as
Table VI displays the channel gain correlation matrices, as seen by each of the four receiver ports. The correlation is higher between signals originating from the same patch antenna and differing only in polarization (values marked in bold). The correlation between front and back signals is lower because the shadowing of the human body isolates the antennas from each other and moreover, their radiation patterns are oriented in opposite directions. For this reason, front to back diversity results in more diversity gain than does polarization diversity. This is confirmed by the bit error characteristics from Section III-E. The correlation between the four receiving channel gains is determined for each of the different transmitting antenna ports ( ). For a given port the correlation for receiving antenna ports is defined as Table VII displays the correlation matrices of the channel gains for each of the four transmitting antenna ports ( ). As the receiving patch antennas are mounted next to each other at one meter distance, isolation by the body (as for the transmit antennas) is not present here. Moreover the antennas are now oriented in the same direction, providing spatial diversity but no pattern diversity (both antennas now receive signals with similar angles of arrival). Therefore, the correlation between signals from different patch antennas at the receiving side is significantly higher than at the transmitting side. These correlations correspond to the matrix elements (1, 3) , (1, 4) , (2, 3) and (2, 4) .
Due to the unequal power of the different received signals and the correlation between them, the obtained performance gain will be lower than the theoretical optimum, which is achieved for independent identically distributed fading channels.
However it is clear that the channel gains fluctuate in a partially independent way while the firefighter is walking in the indoor environment. Combining the different received signals will result in a significant improvement of the reliability of the communication, as compared to a 1 1 configuration.
E. Bit Error Rate Characteristics
The BER characteristics can be calculated based on the set of received Signal-to-Noise Ratios . For these calculations only measurement data recorded along the sideways track were used. In this measurement series the path loss is nearly constant. Inevitably some shadowing will be present, making the signal worse than Rayleigh distributed.
Since the measurements were performed with , for the 1 1 and 2 2 links multiple combinations of transmit and receive antenna ports are possible. For a fair comparison, instead of just selecting one possible combination of ports, all possible combinations that yield a given type of diversity are used in the calculation of the BER characteristics.
Assuming the channel amplitude to be approximately invariant during the time of one received burst, the instantaneous bit error rate , for the -th burst and -th combination of antenna ports, is calculated from (2) and (3) with where , 2, 4 for the diversity cases considered.
is the channel matrix corresponding to the -th burst and the particular antenna port selection indexed by .
For example, the four possible antenna port combinations that provide 2 2 polarization diversity are , , and . The four corresponding 2 2 complex channel matrices include only the complex channel gains which are relevant to the considered combination.
The average BER, averaged over all bursts and all antenna port combinations that yield a given diversity order is calculated as (6) with the number of bursts and the number of signal combinations considered for that particular diversity case.
This BER is expressed as a function of the average per receive antenna port, given by (7) with (8) The BER characteristics, as a function of , are obtained by computing (6) to (8) for a range of values. Fig. 6 shows the resulting BER curves and displays diversity gain as well as array gain.
The curve "no diversity" refers to the average BER for a 1 1 configuration. This characteristic is calculated for the average channel, involving all 16 possible transmit/receive port combinations. The curve for the average channel approximates the theoretical curve for 1 1 communication with a Rayleigh distributed signal.
The theoretical characteristics with diversity are calculated [22, p. 825] , by taking into account that there is array gain at the receiver but not at the transmitter, assuming independent identically distributed Rayleigh fading channels, as (9) with the bit error probability, the diversity order and (10) The use of the Alamouti code to transmit and receive two signals, results in two characteristics for 2 2 MIMO communication. A total of combinations of 2 2 out of 4 4 channels is possible, of which 4 cases correspond to polarization diversity and 16 cases to pattern diversity (the remaining cases correspond to pattern diversity on one side and polarization diversity on the other side). The BER characteristics are substantially better with 2 2 diversity, but not as good as the theoretical curve for Rayleigh fading with fourth order diversity. Pattern diversity (front-to-back diversity at the transmitter and receiving two signals from different patch antennas) performs better than polarization diversity (transmitting two signals from one patch antenna and receiving two signals in the same way).
Using the orthogonal space-time code for 4 4 MIMO communication results in the largest performance gain. The improvement is, compared to the 2 2 system, very significant. However, the performance is not as good as for the theoretical curve based on Rayleigh fading with 16th-order diversity.
An important conclusion is that the measured characteristics are clearly better for each increase in the order of diversity, illustrating the practical benefits of using transmit as well as receive diversity. In the 2 2 diversity system, front-to-back diversity performs better than polarization diversity, because of the lower correlation between the transmitted signals.
Table VIII displays the ratios in dB needed to obtain a given bit error rate for the recorded signals with varying degrees of diversity. Values marked ( ) are based on the theoretical characteristics for Rayleigh fading, the required for the recorded signals will not be smaller.
Due to the absence of a sufficiently large number of channel measurements an accurate calculation for the recorded signals is not possible in these cases. The table clearly illustrates that, using MIMO techniques, a given bit error rate can be achieved using a significantly lower total transmitted power. 
IV. MIMO CHANNEL MODEL
The bit error characteristics in the previous section illustrated that using MIMO techniques, the performance of the system improves significantly compared to a SISO system. However the performance is not as good as predicted by the theory for Rayleigh fading channels with diversity.
The performance of the MIMO system is limited due to the correlation between the channels and the unequal gain of the receiver's four input amplifiers.
Several MIMO channel models that include this correlation are available. In this section two models will be applied to the measurement data recorded along the sideways path.
A. The Kronecker Model
The Kronecker model [24] , uses separate transmit and receive correlation matrices. The model assumes that the full channel correlation matrix is given by the Kronecker product of the transmitter correlation matrix (11) and the receiver correlation matrix (12) as (13) A MIMO channel realization is generated by the model as (14) with the trace of a matrix, the transpose and the Kronecker product.
Theoretically the matrix contains i.i.d. random zero-mean complex-normal distributed values. As the distribution of our measured signals is nearly but not exactly Rayleigh distributed this produces a deviation in the characteristics (measured versus modeled channel) of up to 2 dB.
Therefore a matrix containing i.i.d. pseudo-random values having the same distribution as the measured signals is generated. The overall distribution of all 5200 signal levels, measured for 16 channels and 325 bursts, is used as a reference for the generation of the matrix.
B. The Eigenbeam Model
The eigenbeam model [25] , treats the influence of the antennas and environment by means of eigenbases and a coupling matrix.
With and the eigenbases of the unparameterized one-sided correlation matrices of sides A and B of the link (correlation as perceived from the other side of the link), a MIMO channel realization is generated as (15) with the Hadamard (entry-wise) product of , which is a matrix of i.i.d. random zero-mean complex-normal distributed values, and a coupling matrix .
The coefficients of specify the mean amount of energy that is coupled from the th eigenvector of side A to the th eigenvector of side B.
C. BER Characteristics of the Measured and Modeled Channels
Bit error characteristics are generated for the measured and the modeled channels in a similar way as the one described in Section III-E, however, the BER is now displayed as a function of total to show only the diversity gain and not the array gain.
For the measured channels 325 recorded MIMO channel realizations are used. For the channels reconstructed by the models realizations are generated, to minimize differences due to the random values in the matrix and in this way producing a curve for the average model-based channel realization.
The bit error characteristics are compared to curves for uncorrelated Rayleigh fading to verify the effective diversity order.
The associated bit error graphs, displaying the diversity gain, are displayed in Fig. 7 The characteristics display a good match of the models to the measurements, indicating that the correlation properties of the actual MIMO channel were indeed correctly reproduced by both models.
The eigenbeam model, having more parameters, matches the measurements slightly better than the Kronecker model.
V. PERFORMANCE FOR DIFFERENT BODY SIZES
To assess the influence of a person's body size, an extra measurement series was performed with three persons of substantially different stature and weight. The results illustrate that the gains obtained by using MIMO techniques are similar for all three persons and also for both measurement campaigns, despite some differences in propagation conditions. The signal distribution is different from the previous campaign as the office environment has changed considerably in the mean time (more equipment and people present). All measurements for this section were performed along the sideways (NLoS) path, in similar operating conditions as the previous measurements.
Fitting the signal values to the Nakagami distribution resulted in the average -values listed in Table IX , accompanied by Fig. 7 . Diversity gain for the measured and modeled channels, using measurement-like distributed pseudo random values for instantiating the modeled channels. While the distribution of the signal levels is now significantly "worse than Rayleigh" ( ) for all three persons, MIMO communication offers again a substantial performance gain for each increase in the degree of diversity.
Based on the median values and for all three persons, the 2 2 system offers 10.8 -11.9 dB of diversity gain, compared to the 1 1 system. Similarly, the 4 4 system offers 15.3 -18.9 dB diversity gain, compared to the 1 1 system. These results are similar to those of the previous measurement campaign, with 9.9 dB and 15.0 dB gain for the 2 2 and 4 4 systems, respectively (Section III-B, Table IV ).
The BER characteristics in Fig. 8 also display a significant improvement in performance for each increase in the link's diversity order. These results are consistent for all three test persons. A spread of up to 3 dB is present when comparing the BER characteristics for the same diversity order between different test persons. The order of the curves with respect to each other is consistent with the average Nakagami-values. Some difference is unavoidable as the persons can never walk exactly the same trajectory. For the performance of an off-body communication system in real life, variation in performance is to be expected due to many factors, including the environment, body posture and the specific path followed. When the antennas are worn at a different height above the floor (due to body size) they consistently experience a slightly different fading pattern, even for a random walk.
Body mass is not expected to have a significant impact as the torso of even a small adult is still much wider than the size of the antenna patch.
The main conclusion is that for all three persons of different size, MIMO techniques significantly enhance the performance of the wireless link. While the persons experience a different fading distribution, the gains obtained when comparing the 1 1, 2 2 and 4 4 systems are similar. This is the case for both the outage probability levels and the BER characteristics.
VI. CONCLUSIONS
The measurements confirm that in a multipath environment, an off-body wireless data link is more reliable when implementing MIMO receive and transmit diversity. The most practical evidence is provided by the bit error rates obtained by demodulation and detection of the data transmitted and received with various orders of diversity. 1 1, 2 2 and 4 4 transmissions were tested, resulting in fewer bit errors for each increase of diversity order, while keeping the transmitted power equal. These BER results include the combination of fading, shadowing, path loss, Doppler spread and channel estimation errors. Cumulative distribution functions allow a comparison of the 10% outage probability levels, providing a quantitative indication of the gain realized by the MIMO system. Measured median gains (relative to a 1 1 system) are 9.9 dB and 15.0 dB for the 2 2 and 4 4 systems, respectively.
Signals with a higher cross correlation provide less diversity gain when combined. However, the correlation coefficients are low enough to achieve a significant performance gain in practice. Bit error characteristics are derived for the different orders of diversity and are compared to theoretical characteristics for Rayleigh fading channels with diversity. In a practical system the diversity gain is compromised due to signal correlation and unequal receiver channel gain.
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